For the thermomechanical analysis of mutlilayer substrates, detailed FE is not feasible. To capture all features, the number of elements necessary would lead to extreme computational loads. To overcome this, an elementwise homogenization method utilizing multiple representative volume elements is presented. Employing a global-local step it is still possible to obtain accurate values for local quantities of interest. The approach is demonstrated for thermal and mechanical problems. For the mechanical case the procedure is validated by a confrontation with experimental results showing the ability of the technique to indicate potential problem areas using the global/homogenized step and predict failure sites using the local step.
Introduction
The ongoing miniaturization in the microelectronics industry also has its implications for the substrates. Currently, multilayer substrates are in use that consist of alternating dielectric and metallization layers. Due to the reduction in thickness of these layers and the decrease of track pitch, track width, and feature size, reliability has become more of an issue. Differences in coefficients of thermal expansion of the various materials used can lead to warpage of a substrate. Not only can warpage of the substrates adversely affect chip adhesion, substrate cracks have been observed as a result of thermomechanical cycling, occasionally propagating through the copper interconnecting lines, see Fig. 1 .
Performing accelerated tests on substrates to identify possible failure sites is a time consuming and expensive process. Here, numerical tools would be able to provide a significant benefit to the substrate design and analysis process. Not only can these methods be used to predict the thermal and mechanical behaviour, they may also serve to provide a better understanding of the mechanisms involved. However, using detailed finite element (FE) models results in extreme computational loads due to the amount of detail that needs to be modelled, making this approach unfeasible.
To overcome this, instead of detailed modelling, homogenization techniques can be used. These methods reduce both the computational costs and the hardware demands. A drawback, however, is that local failure can not be captured straightforwardly using homogenized FE calculations, necessitating a multiscale approach.
Multiscale simulations can be done either sequentially or simultaneously. In the sequential approach (global-local) a coarse/homogenized FE calculation is performed of the entire board using apparent material properties. Potential problem areas are then located and detailed FE models of only those regions are used to calculate the local field variables, using boundary conditions derived from the global simulation.
Examples of simultaneous approaches are adaptive remeshing, element overlay techniques, and generalized FEM. With adaptive meshing the mesh is locally refined every increment based on some criterion. For overlay techniques, locally a fine mesh is superimposed on top of the coarse global mesh [2] .In generalized FEM, locally elements are enriched with additional degrees of freedom to capture the local field variables more accurately.
In this contribution a global-local FE modelling technique is demonstrated that is able to evaluate the thermal and mechanical behaviour of an entire substrate and yield accurate values for local quantities, such as stresses and strains, when necessary. The proposed multilevel approach comprises of a global homogenized calculation, followed by a localization step. The global calculation allows for the determination of critical regions. These regions are subsequently modelled in detail to evaluate the local quantities of interest.
Modelling approach
Standard homogenization techniques deal with two length scales: the macro and the micro scale. The material supposedly behaves homogeneous on the macro scale, but heterogeneously on the micro scale. It is assumed that a representative unit cell can be defined whose response will equal the response of the macro scale. This approach works well for periodic and statistically homogeneous materials. However, the substrates in question are neither. Every layer has different average orientations and volume fractions of composing materials, and even in one layer the heterogeneity is great. The problem of spatial variations of the volume fraction is also encountered in functionally graded materials (FGMs) [1, 7] . Homogenization of these types of materials are performed by assigning different effective properties to regions whose compositions deviate too much from each other. FGMs usually deal with a matrix material and a some kind of filler, eg. particles or fibres, whose volume fraction varies throughout the product. A series of similar unit cells can be defined that are statistically similar and only differ in volume fraction of the filler material/particles. For a substrate -viewing the glass fibre laminate as the matrix material and the metal circuit as the inclusions-the issue is more complex. There are various types of inclusions, and their relative size, compared to macroscopic dimensions-is typically larger then in the case of FGMs. This necessitates the choice of multiple unit cells with significantly different statistical properties.
In [3] and [4] this problem is tackled by defining unit cells for each feature present in the substrate. They then proceed to obtain effective properties for each feature. Subsequently, the substrate is divided into regions, each containing several features. Next, an inventory is taken of the features per region, taking into account orientation and location of the features, and the effective properties of the regions is determined. Finally, the homogenized regions are assembled back into the substrate and a macro simulation can be preformed.
The homogenization approach adopted here, uses not a single, but several unit cells that are characteristic for various features/structures found in the substrate [6] .
Apparent properties
The homogenization procedure is implemented for solving mechanical and steady state thermal problems. The governing equations read Vo =V. (C:E) 0, (1) 
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where V is the gradient operator, a is the Cauchy stress tensor, C the fourth order stiffness tensor, E the strain tensor, p density, Cp heat capacity, q heat flux, T temperature, t time, and k thermal conductivity. To calculate the apparent properties of a unit cell, several FE simulations are performed, subjecting the cell to various loading conditions. Using Eq.(3) the apparent properties can then be calculated. For the simulations periodic boundary conditions are imposed.
Also, for the thermal apparent properties, the thermal circuit model has been used to obtain them analytically. In the thermal circuit model each component (region of material) is replaced by an equivalent resistor R. The total resistance of components in series can be found by summation, R = E Ri, and for components in parallel by R = ( /Ri) 1. Acquiring the effective properties analytically has the advantage that if some material parameter changes only the expressions need to be reevaluated. If FE calculations are used, all unit cell simulations have to be repeated. It was found that the results obtained employing FEM and those employing the circuit model were comparable.
Procedure
For the homogenization step, schematically depicted in Fig. 2 , each of the layers is considered separately. The layers are meshed without accounting for the details of the circuitry. Then, each element is analysed, extracting relevant structure information, i.e. for a metallization layer, the volume fraction of copper, the anisotropy ratio and the averaged orientation of the copper circuit. Next, the appropriate type of unit cell is identified for the element and the apparent properties are assigned taking into account the orientation and the volume fraction. In this way a elementwise homogenized model for the entire substrate is build. For more information on the procedure see [6] .
Thermal homogenization
To validate the thermal homogenization model, results obtained using the homogenization procedure are compared with a reference calculation. Two square unit cell types are defined, one containing a copper trace and one containing a square copper pad embedded in epoxy (Fig. 3) . Only the diagonal components of the apparent conductivity tensor are assumed to be nonzero. Employing the thermal circuit model to obtain the apparent conductivity yields for the 'trace':
C : e dx' = C : (e), with (el (5b) Fig . 5 shows the steady state temperature profiles obtained with the reference calculation and with two homogenized calculations. Since for the homogenized calculations the traces and pads do not need to be captured in detail, the number of necessary elements reduces drastically. This then leads to calculation times which are orders of magnitude lower in comparison. Furthermore, comparing local values indicates that the homogenized solution yields accurate results. The homogenized substrate containing 800 elements yields a maximum error for the three sample points, chosen in the center of the copper pads, of only 3%, while that containing just 200 elements introduces an error of 5%.
Mechanical homogenization
In this section results from the homogenization procedure are discussed for mechanical problems. For validation of the approach four point bending experiments have been performed on a number of substrates. The tests are performed using a tensile stage with a 20 N load cell. The outer span of the bending setup is 20 mm, while the inner span is 10 mm. The specimens consist of two Cu signal layers, separated by a dielectric core layer. The core material is FR4 with two woven glass fibre mats, see Fig. 6 . The glass fibres are directed along the length, the 11-direction, of the specimen and perpendicular to it, the 22-direction. The core material will therefore exhibit orthotropic behaviour. The thickness of the dielectric layer was measured to be 210 ,um and of the Cu plating 474 ,um. The length and width of the specimens are 40 mm and 10 mm, respectively.
Three sample substrates with varying circuit layouts have been used, see Figs. 7-9. They were all subjected to bending deformation until failure occurred. For each of the samples a typical load-deflection curve is shown in Fig. 10 . Failure occurred at identical locations for all specimens of a sample, see Fig. 11 .
Tensile tests have not been used as the clamping of the specimens was expected to influence the measurements.
Parameter identification
First, the material parameters necessary for the simulations were determined. For this purpose four point bending Here E denotes the Young's modulus, I the momentum of inertia, w the defl After analysis of the samples to obtain the geometry parameters (volume fraction, orientation, and anisotropy) the (7) homogenized models can be assembled. Because of symmetry conditions only one quarter of the samples needs to be modelled. (8) 4 .3 Local solution It was shown above that the homogenization procedure can be used to indicate potential problem areas in the substrates. However, no quantitative data on local field variables is obtained. Employing a global-local approach this data can be obtained. After a potential problem area has been identified with the homogenized model, a detailed FE model of the region is build and a local simulation is performed. The boundary conditions of this local simulation are taken from the global/homogenized calculation. Fig. 16 shows the stress field for the two regions denoted in Fig. 13 . The displacements of the outer edges are prescribed by interpolation of the displacements found using the homogenized calculation. Because of the required interpolation, results at the prescribed boundaries are unreliable. However, at some distance from these boundaries, this effect is not noticeable any more, as becomes clear from Fig. 16 , away from the edges the solutions of both regions match. Furthermore, the position with the highest stress predicted by the local simulations coincides with the experimentally found fracture site. Simulations have also been performed trying to capture the substrates failure. For this purpose sample A is modelled again using the homogenization approach, but the region where fracture occurred has been modelled in detail. The two nonconforming meshes have been coupled using the 'insert' option in MSC.Marc-Mentat, see Fig. 17 . Failure is assumed to occur when a maximum stress limit is reached. If this happens the elasticity modulus at that point is taken as 10% of the initial value. For Cu the maximum tensile stress is taken at 150 MPa, and for FR4 30 MPa. Fig. 18 shows the result from this simulation. Initial failure occurs at the traces spanning the entire length of the specimen after which the crack goes through the FR4 material between the Cu pad and the traces. This is consistent with the experimentally observed crack path.
Conclusion
An elementwise homogenization technique has been demonstrated to evaluate the thermal and mechanical behaviour of multilayer substrates. The approach uses mul- .r. .r.
tiple unit cells to capture the apparent properties of different regions of the substrate, accounting for the orientation, anisotropy, and volume fraction of Cu. It is shown that the approach significantly reduces the computational effort necessary to evaluate the behaviour of a substrate. A comparison of global mechanical properties, e.g. bending stiffness of the substrates, with experimentally obtained results showed a good agreement. For typically local properties, e.g. stress, satisfactory qualitative results are found, allowing the homogenized results to be used to identify potential problem areas. These ares are then further investigated employing a global-local step to obtain accurate local quantities of interest. The procedure accurately predicts the critical region in the substrate; the highest local stresses are found at the positions where fracture is seen to occur experimentally. Finally, employing a mixed homogenized-detailed FE model and applying a maximum stress failure criterion, also the correct crack path is predicted. 
